Abstract. Global distributions of the tropospheric ozone column (TOC) and its error are calculated by assimilating satellite observations of total ozone column and stratospheric ozone profiles in a global chemistrytransport model. A quantitative comparison of the calculated TOC with collocated ozonesondes observations shows good agreement over a wide range of latitudes for the period studied (July-September 1992), even at the daily timescale. In September 1992, the LIDAR observations from the TRACE-A campaign are also assimilated. The TOC is also compared to the TOC evaluated by Thompson and Hudson [1999] .
Introduction
Over the past decade, various methods have been used to estimate the distribution of the tropospheric ozone column (TOC) Vucovich et al., 1996; Kim and Newchurch, 1998; Ziemke et al., 1998; Fishman and Balok, 1999; Thompson and Hudson, 1999] , with application mostly to the tropical regions. All these approaches rely on the evaluation of the stratospheric portion of the total column (from satellite observations or ozonesondes), followed by its subtraction from the total ozone column observed by satellite. This subtraction results in the TOC, which some authors refer to as tropospheric ozone residual. One difficulty in obtaining the TOC by subtracting the stratospheric portion from the total column is that the result is the small difference of two large numbers, and consequently has a large relative error. Also, because of the relatively limited stratospheric sampling available to evaluate the stratospheric portion of the ozone distribution, most studies rely on averages. The only exception known to us is the study by Fishman and Balok [1999] in which they study the day-to-day evolution of a high ozone episode over the United States. Nevertheless, even in this case, the main difficulty of the method resides in the lack of consistency (temporal and geographical coverage) of the two measurements to provide for an accurate calculation of the TOC.
Data assimilation provides the necessary framework to combine different sources of information into a single product, taking into account the known or estimated errors of each component [Errico, 1999] . In particular, data assimilation is a powerful tool to interactively combine model and observations in an optimal manner. In a recent study, Lamarque et al. [1999] showed that assimilation of tropospheric column of CO measurements (from MAPS in this case) can significantly improve model simulations of CO when compared to an independent data set. The recent study by Khattatov et al. [2000] found a similar result in the case of ozone assimilation in the stratosphere.
In this study, we use satellite observations of stratospheric ozone (from the Microwave Limb Sounder (MLS) 205 GHz instrument onboard the UARS satellite) and of total ozone column (from the TOMS instrument) assimilated in a chemistry-transport model to estimate TOC. Since both the stratospheric portion and the total column are provided by the satellite observations, there is potentially enough information available to constrain the tropospheric column. It must be emphasized that, to the contrary of the methods mentioned above, the assimilation never requires the explicit calculation of the difference between the total column and the stratospheric profile. Each are assimilated separately and act independently to fully constrain the ozone field in the model.
In order to measure the quality of the calculated TOC, the results are compared with the TOC from available ozonesondes. This comparison is made at the time and location of the ozonesonde observations at all available latitudes.
Section 2 of the paper describes the model and the data used, for either assimilation or validation. The comparison with ozonesondes is presented in section 3, followed by some sensitivity studies in section 4. Section 5 describes the global aspects of the TOC distribution from assimilation. The conclusions are presented in Section 6.
Model and data description
The model used in this study is the chemistry-transport model MOZART (Model for OZone And Related Tracers) originally developed at the National Center for Atmospheric Research (NCAR) ]. This section describes the model features relevant to this study, along with the assimilation procedure. For a complete description of the model and its evaluation, the reader is referred to Brasseur et al. [1998] . An article by L. Horowitz and collaborators is also in preparation (personal communication, 2001 ).
MOZART
MOZART version 2 provides the distribution of 56 chemical constituents (including non-methane hydrocarbons) between the surface and the upper stratosphere. In this study, in order to reduce computational cost, we use the model at a horizontal resolution of ~ 5.6º (T21) in both latitude and longitude. The continuity equations for these species are solved and account for advection, convection, diffusive transport, surface emissions, photochemical conversions, and wet and dry deposition. The evolution of species due to all physical and chemical processes is calculated with a timestep of 20 minutes. For this study, we use analyzed winds provided by the European Center for Medium-range Weather Forecasts (ECMWF). The vertical discretization consists of 31 hybrid levels from the ground to ~ 2 hPa, with a resolution of approximately 40 mb in the upper troposphere.
The simulation described in this study covers July through September 1992. This period was chosen because of the extensive availability of satellite ozone data, the occurrence of large biomass burning events in Southern Africa, tropical maps of TOC from Thompson and Hudson [1999] , as well as available results for this time period from the TRACE-A campaign . The initial chemical distributions are obtained from the July 1 st distribution from a MOZART simulation using climatological winds ].
Data assimilation
The assimilation procedure is an extension of the scheme used in Lamarque et al. [1999] , in which the methodology of assimilating a column measurement is described. The extension follows the work described in Khattatov et al. [2000] . The assimilation technique consists of a sub-optimal Kalman filter, with explicit calculation of the evolution of the model error variance. For a linear problem such as the assimilation of MLS or TOMS data, the central equation to data assimilation, known as the Optimal Interpolation equation [Lorenc, 1986] , is given by [Courtier et al., 1998 ]. In our case, the model simulations are considered to be the background estimate. H is a matrix representation of the linear observation operator, and x obs are the ozone observations (total column or profiles). In the case of a vertical profile, H represents a vertical and horizontal interpolation. For a vertical column, H represents a vertical integral and a horizontal interpolation. The matrix K is called the Kalman gain matrix and is defined as where B t is the forecast error covariance at time t, O is the error covariance matrix of the observations, and R is the representativeness error covariance associated with errors of interpolation and discretization. This matrix K can be interpreted as the relative weight given to the observations in the estimation of the optimal combination of model and observations in a Kalman filter.
The analysis error covariance evolution is expressed as [Lorenc, 1986] :
The initial model relative error on the ozone field (diagonal elements of B) is set to 50% to reflect errors in the ozone field as seen in the model simulation without assimilation (see section 3). During the assimilation, the model error is updated according to the equation above to reflect the effects of assimilating data [Khattatov et al., 2000] . Additionally we have to account for model errors related to inaccurate meteorological fields, chemical sources, chemical scheme, or missing processes. We crudely model the impact of these errors on the accuracy of the model by an error growth term (see Equation 12 in Khattatov et al. [2000] ) added to the right-hand side of the above equation on B a . The spatial distribution of the error covariance (off-diagonal elements of B) is modeled by a Gaussian function dependent on the distance between the considered points (see Eq. (5) of Lamarque et al. [1999] ). The correlation length is fixed at 250 km in the horizontal, and 0.1 scale height in the vertical, as in Khattatov et al. [2000] .
These correlation lengths, along with the ozone observations error estimates (see below) and the error growth, are chosen to give an average chi-squared estimate [Dee, 1995] close to 1 for both TOMS and MLS (Figure 1 ). This chi-squared estimate is defined as the ratio of the actual covariance (calculated from actual observations and the model ozone forecast) to the estimated covariance (HBH t +O+R). The overall shape (value close to 1 and little if any trend) of the chi-squared estimates indicates that the assimilation is close to providing the optimal solution considering the different sources of information, in this case observations and model [see discussion in Khattatov et al., 2000] . The different parameters in the assimilation are therefore tuned to achieve a value of chi-square close to 1. In particular, the error growth has a strong impact on the trend of chi-square with time. Also, the values of model and observational errors strongly influence the mean value of chi-square. On the other hand, the overall results are quite T T 1 ( )
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insensitive to the values of the correlation lengths. The chi-squared estimate for the TOMS data ( Figure 1a ) is on average slightly lower than 1, although the average over September (starting Julian day 245) is very close to 1. In the case of MLS data ( Figure  1b ), the impact of the yaw maneuvers (see below) is clearly identified by rapid jumps. In both cases, the trend in chi-squared is small, indicating that we have selected a reasonable set of parameters.
The assimilation of ozone data is performed every model timestep, i.e. every 20 minutes, using the observations collected over that period.
This amounts to approximately 20 MLS profiles and several hundreds TOMS measurements per assimilation period.
Satellite data
The ozone satellite data used in this study consist of stratospheric profiles and total ozone measurements. The vertical profiles are taken from the 205 GHz MLS level 3 AT data set, version 5 (see http://mls.jpl.nasa.gov). Although HALOE provides very good ozone measurements, the horizontal density of its coverage is not sufficient to provide a significant constrain on stratospheric ozone and is therefore not used here. The MLS vertical levels used in this study are 100 hPa, 68 hPa, 46 hPa, 32 hPa, 22 hPa, 15hPa, and 10 hPa with estimated precisions ranging between of 50% (100 hPa) and 2% (10 hPa). For more information on the errors, see the UARS MLS data quality document on http://mls.jpl.nasa.gov. In addition, a representativeness error of 15% is assumed for all MLS measurements. The representativeness error is associated with errors in interpolation (between a fairly coarse model grid and and the location of the measurements) and discretization [Khattatov et al., 2000] . As discussed in the previous section, this parameter is tuned to provide a chi-square estimated close to 1. Because of the UARS orbit, the measurement latitudinal coverage of MLS is from 34 degrees on one side of the Equator to 80 degrees on the other side. The UARS spacecraft performs a yaw maneuver at roughly 36-day intervals. For the period considered in this study, the viewing geometry is listed in Table 1. NIMBUS-7 TOMS ungridded Level-2 data provide daily global measurements of total ozone from November 1978 to May 1993. The data, processed and provided by Mike Newchurch (University of Alabama in Huntsville) are corrected for aerosolinterference and sea-glint errors with the Pseudo-Version 7.5 TOMS algorithm (Courtesy of NASA Ozone Processing Team) applied to Level-2 TOMS data with reflectivities less than 20% corresponding roughly to clear-sky conditions. Since the model does not extend to the top of the atmosphere, the fraction of the ozone column above 2 hPa (i.e., the model top) is removed from the total column measurement. This value is taken from the climatology tabulated in McPeters et al. [1996] . The TOMS data are filtered for cloudiness. Only pixels with cloud cover less than 20% are used. For pixels with cloud coverage less than 10%, a 3% relative error is used, while an error of 6% is used for pixels between 10 and 20% of cloudiness (P. K. Bhartia, personal communication, 2000) . A representativeness error of 5% is assumed for the TOMS measurements. Because the TOMS measurements are less sensitive to ozone amounts in the lowest troposphere than at higher altitudes, significant deviations from the lower-tropospheric climatology are not entirely captured in the TOMS total column measurements.
LIDAR data
During TRACE-A, a series of flights took place with a LIDAR onboard a DC-8 measuring ozone concentration with high vertical resolution . In particular, ozone profiles along the flight track are available for the following flights that occurred during our study period: flight 4 (Key West to Recife) on September 22, flight 5 (Recife to Brazilia) on September 24, and flights 6 and 7 (local flights from Brazilia) on September 27 and 28 respectively. The resolution of the data is approximately 70 kilometers in the horizontal and a few hundred meters in the vertical. Because the vertical resolution is much higher than the vertical resolution in the model, we have remapped the original data on a constant pressure grid with a 50-hPa resolution. An observation error of 5% is assumed , to which a representativeness error of 15% is added (see MLS data discussion).
Ozonesondes data
As mentioned in the Introduction, a set of ozonesonde observations are used to independently assess the quality of the ozone field produced by the assimilation of satellite and LIDAR data in MOZART. The ozonesondes were obtained from the World Ozone and Ultraviolet Radiation Data Center and the TRACE-A dataset . Only the ozonesondes reaching the tropopause (see below for its definition) are used. For all the considered stations, the full vertical resolution of the ozone profile is used in the calculation of the TOC.
Results
As mentioned in section 2.1, the simulation presented in this study is 3-months long. Since the initial distribution of ozone in the model is not representative of the actual distribution on July 1 st 1992, the first month of the simulation is considered as spin-up. Therefore, only the results for August-September 1992 are presented. In order to evaluate the impact of assimilation, a MOZART simulation without assimilation was performed for the same time period. Several sensitivity studies were also performed, as discussed in section 4.
Time evolution of TOC at stations
In this section, we discuss the time evolution during August and September 1992 of the TOC at locations where ozonesondes were launched. The analyzed TOC is defined as the integral of the ozone mixing ratio from the ground up to the tropopause. In this study, the tropopause is defined using the temperature lapse-rate criterion [Holton et al., 1995] applied to the ECMWF analysis temperature field to obtain global fields of tropopause pressure. In all cases, the value of the tropopause pressure as calculated from the ECMWF analyses is used for the calculation of the TOC for both the model field and the ozonesonde observations to ensure consistency. This may introduce some error in the estimate of TOC (i.e., if some stratospheric values are introduced) but consistency is necessary to ensure meaningful comparison between model results and ozonesondes. Comparison of our calculation of the tropopause pressure (see Figure 6 ) with the NCAR/NCEP reanalysis (see http://www.cdc.noaa.gov) indicates a good agreement at all latitudes (not shown). Furthermore, the TOC values from ozonesonde measurements calculated in our study compare very well with published values [see Figure 7 of Thompson et al., 1996] . Therefore, the errors associated with considering a tropopause possibly different than the actual tropopause does not seem to significantly affect the estimate of TOC from ozonesondes in our paper.
Of all the available ozonesonde locations, we selected for this analysis ten stations to span a wide variety of geographical regions and ozone regimes (see Table 2 and Figure  5) . Statistical analysis over all the available stations is discussed in Section 3.2.
In Figure 2a , the results for the no-assimilation run are displayed (continuous thin line), along with the observations (circles) for each of the ten sites considered. The time axis (in Julian days) spans the months of August (days 214 to 244) and September (days 245 to 274) 1992. The ozone TOC in the model is calculated by first interpolating the ozone field at the time and location of the observation, and second integrating the interpolated profile from the surface to the tropopause. For each station, we compute the difference between the TOC from the model results and from the ozonesondes observations. In Table 2 , for each station, the mean difference (model minus observations, left column) and its standard deviation (right column) are listed. From this table, it is clear that, at most times, the model values tend to be higher than the observations. Over Irene, it is actually unrealistically large. This is due to the coarse model resolution and an overestimate of the ozone concentrations in the upper troposphere [Horowitz, personal communication, 2001] .
In Figure 2b , we show the results of a model simulation in which the assimilation uses all the available TOMS, MLS, and LIDAR data. This simulation will be referred hereafter as the full assimilation case. A further piece of information (thick vertical line) indicates the error estimate on the modeled TOC. Table 2 indicates that the assimilation improves the simulation of the mean TOC value and of its variability at all locations but Payerne and Syowa. For a large fraction of the observations, the difference falls within the computed error estimate. Moreover, no error bar was attached to the ozonesonde measurements in this comparison, although an error of 5 to 10% on ozone measurements by ozonesonde can be expected (J. Logan, personal communication). Finally, the model results in the full assimilation case seem to capture the time evolution and trend seen in the observations better than the case without assimilation. This is particularly clear for Irene.
In summary, the assimilation significantly decreases the mean and standard deviation of the difference with the observations. In particular the mean difference over Irene and Tateno have decreased by a factor of 2.
Global evaluation of TOC.
A further evaluation of the quality of the TOC from this study is given by the statistical analysis of the difference with the TOC from ozonesonde observations. This is done for the 26 stations available during August and September 1992.
The mean TOC difference between model results and ozonesondes is shown in Figure 3 for both the no assimilation and full assimilation runs. Except for two stations around 45 o N, the mean difference is significantly reduced at all latitudes by the use of assimilation with the largest biases equatorward of 40 o in both hemispheres. Averaged globally, the mean bias is of the order of 8.5 DU, down from 16 DU before assimilation. Based on an average value of 50 DU, this indicates an average difference of about 15% between the modeled TOC and the ozonesonde-based estimates. There is no indication that a specific latitudinal sector is more accurately represented. Overall, the assimilation- N. This is coherent with the fact that outside the tropical regions the MLS data is not available all the time due to the UARS yaw maneuver. There is not enough data in the Southern extratropics to significantly evaluate the performance of the assimilation.
Sensitivity analyses
In this section, we analyze the results from a set of sensitivity experiments. The goal is to measure the sensitivity of the TOC to various model setups and assimilated data.
Impact of LIDAR data
This section presents the results of a simulation in which the LIDAR data from TRACE-A are omitted from the assimilation. Since the LIDAR measurement coverage is limited (in both time and space) to the flights of the TRACE-A deployment, it could be expected that only the part of the model atmosphere in the neighborhood of the measurements is significantly affected. For that purpose, we present in Figure 4 the difference in TOC between the simulation with full assimilation and the simulation without LIDAR assimilation. This difference is averaged over the last week of September since no LIDAR data is available before that. In South America close to the flights, it is not surprising to find a difference of the order of 5 DU (close to 10%), which improves the comparison with observations (not shown). It is however more surprising to find a small but noticeable difference all the way across the Atlantic Ocean. Indeed, all the flights with LIDAR data considered in this study are exclusively over South America. This analysis therefore shows that it is possible for information as localized as LIDAR profiles to affect by transport areas remote from the measurements, at least in the case of a moderately long-lived species (of the order of a week in the tropical regions [Liu and Ridley, 1999] ) such as ozone.
Assimilation of TOMS only
The impact of assimilating only the total column of ozone is evaluated in this section. This would be equivalent to assuming that total column measurements and model profiles (both in the troposphere and stratosphere) contain enough information to constrain the tropospheric column. Results are listed in Table 2 . It shows that in a majority of locations the comparison with observations is always worse with only TOMS than when the full assimilation is used. It is nevertheless a considerable improvement over the no-assimilation run for this model. This indicates that a first step approach might be to assimilate the total column of ozone, even when stratospheric measurements are not available.
MLS version 4 instead of version 5
The previous version of the retrieved MLS data (version 4, referenced hereafter by v4) is characterized by a coarser vertical resolution, with only half of the levels of version 5 (referenced hereafter by v5). The retrieved v5 profiles are systematically larger than the v4 values at 46 hPa (by about 0.5 to 1 ppmv) and smaller at 100 hPa (by about 0.5 to 1 ppmv). However, except at 100 hPa, v5 data are generally noisier than v4 data (see the UARS MLS data quality document version 5 data on http://mls.jpl.nasa.gov). In the case of the assimilation of MLS v4 (see Table 2 ), the differences with observations seen in the full assimilation are increased over most sites. There is a slight improvement over a few sites, although only in Syowa is the difference a large fraction of the estimated error. Overall, the standard deviation is smaller in v5 indicating that the v5 data provides a constraint to the model more consistent with the ozonesonde observations.
Influence of meteorological fields
So far, all the simulations discussed have been performed using the ECMWF analyses. Using the same setup as the full assimilation case, we performed a simulation using the NCAR/NCEP reanalysis data set (http://dss.ucar.edu/pub/reanalysis). The results (calculated using the same ECMWF-based tropopause height as before) for the Northern hemisphere mid-to high-latitude stations are considerably worse with the NCEP meteorology. Indeed, the positive bias in the model results is rather larger than with the ECMWF meteorology. We ascribe this to the fact that the NCEP dynamical fields tend to be quite noisy, creating large vertical velocities at the tropopause level. As a consequence, equivalent diffusive transport brings unrealistically large amounts of ozone into the troposphere in the Northern hemisphere. This too strong transport cannot be fully eliminated by the assimilation setup of this study. Regarding the other stations, there do not seem to be systematic differences between the two simulations.
Influence of model resolution
In order to assess the impact of model resolution on the distribution of ozone, the horizontal resolution of the model is doubled from T21 to T42, i.e., a 2.8 o resolution using ECMWF meteorology. The vertical resolution is left unchanged. The model is run for the same setup as the full assimilation case, i.e., with the same error values and assimilation parameters. The results in Table 2 indicate that the model has generally less tropospheric ozone than the T21 version. As a consequence, the stations that had a positive bias are generally improved. In particular, Irene, Hohenpeissenberg, and Edmonton are significantly improved. On the other hand the stations with a negative bias at T21 are worsened. However, the overall sensitivity to model resolution is less than the sensitivity to the meteorological fields used.
Global distribution of TOC
So far, we have focused on the quantitative evaluation of the TOC from assimilation of ozone against independent local measurements by ozonesondes. It is also interesting to analyze the global distribution of modeled TOC. For that purpose, we produce global maps (Figure 5 ) of the TOC from the assimilation run, averaged for the first and second halves of September 1992. A salient feature, especially in Figure 5a , is the strong gradient of TOC around 40 o N and 30 o S. This sharp transition in the distribution of TOC is also present in the no-assimilation run (not shown) and is well correlated with the transition in the distribution of the tropopause pressure (Figure 6 ). In particular, the tropopause pressure rapidly changes from roughly 100 mb in the tropical regions to 250 mb or more in the extratropical regions. It is possible that, due to the coarse horizontal and vertical resolution of the model in the upper troposphere, in the region of the sharp transition in tropopause pressure, some stratospheric air is included in the calculation of TOC. Such contamination is however not expected away from the sharp transition region.
It is important at this point in the discussion to reemphasize the results of section 3.1. From that analysis, using the tropopause as calculated in this study, the comparison between the ozonesonde measurements and the TOC from the full-assimilation runs indicates a good agreement. In particular the TOC from the two selected tropical stations (Ascension Island and Brazzaville) exhibit only a very small difference between the two methods. There is therefore no indication that our method is significantly biased over the Western coast of the tropical African continent.
The September TOC figures from Thompson and Hudson [1999] (referenced hereafter as TH99) are reproduced for comparison (Figure 7) for the same period. The values in TH99 are generally smaller than ours. As mentioned earlier, we don't seem to have a particular high bias for the Western tropical African stations available. However, it must be kept in mind that different methods for estimating TOC from satellite data (see discussion in Introduction) exhibit significant differences, easily of the order of 10-20 DU (M. Newchurch, personal communication). The purpose of this section is therefore to identify regions of similar and different distributions of TOC, without asserting the actual performance of a particular method.
The TOC is large over the eastern African coast in both TH99 and our study. In particular, going west around 10 o S, the TOC reaches a local minimum in both datasets. Over the Atlantic Ocean however, the values in TH99 indicate their maximum values right over the Equator while our study indicate an increase from the equatorial values going south. The reason for this difference is unknown at this point.
Similar to the equatorial Atlantic Ocean, the values over equatorial South America in TH99 present a local maximum. Over Brazil, in both datasets, the pattern significantly changes from the first half of September to the second. In particular, the measurements in the area around 10 o S and 50 o W increase by approximately 20%, in both datasets. Similarly, the values off the western coast of South America also increase in both datasets. The values found over the eastern portion of the Southern Pacific are higher in our study. It is unclear why there is a systematic difference between the two data sets. A possibility is an intrinsic difference in the definition of the tropospheric column and hence of the TOC.
In Figure 5a and b (first and second half of September respectively), high values of TOC are found over a large portion of the Northern Eastern hemisphere. In particular, we observed large values over the Middle East and India. To our knowledge, no ozonesonde station was recording data over that area in 1992. However, surface observations in Turkey [Tuncel et al., 1996] indicate a well-marked maximum of surface ozone in September, with values up to 100 ppbv. Also, this high ozone area was also found to be a frequent feature in another modeling study (D. Jacob, personal communication) .
From the full-assimilation run, we can also study the distribution of the error estimate on the TOC. The global distribution of the error estimate is displayed in Figure  8 . It is clear that the extratropical Southern hemisphere has a large relative error. This is due to the lack of TOMS measurements in the polar night, as the Northern polar regions do not exhibit a similar behavior. Although the polar night does not extend to 30 o S, this lack of TOMS data keeps a large fraction of the hemisphere with large errors through transport and mixing. On the other hand, a large fraction of the tropical regions presents small error. This is due to the fact that both the MLS and the TOMS data are available for that region as long as it is cloud free. The presence of clouds is indeed the reason for a local maximum of the error over the Indonesian region.
Discussion and conclusions
The global distribution of the TOC and its error was calculated using data assimilation of satellite observations in a global chemistry-transport model. This was done for July to September 1992. Although only a limited period is analyzed, this work highlights the potential of data assimilation to provide global maps of TOC for day-today studies such as biomass burning plumes.
Over the period studied, the assimilation consistently improves the model results when compared with the available independent observations by ozonesondes. Although the ozone distribution is somewhat constrained in the lower stratosphere by the 100 hPa MLS data (which has a large error associated with it), it can be expected that a significant part of the bias is due to errors in the ozone MLS observations in that part of the atmosphere.
It is significant to find a good agreement between the TOC derived from the assimilation and the TOC calculated from ozonesonde observations. This is true even outside the tropical regions, to which most previous studies were confined. Obviously results of this study are subject to limitations. In particular, the restricted latitudinal coverage of MLS limits the accuracy of the continuous global coverage, as does the lack of TOMS data during the night. Also, aerosols can affect TOMS total column measurements, although this effect was taken into account in the TOMS data used for this study. Furthermore, the lower sensitivity of TOMS to the lowest troposphere decreases the available information on surface ozone from satellites. Finally, since assimilation represents the optimal blend of information from model and observations, it is possible that another model or model setup (different winds, higher resolution, …) would provide an ozone field that would compare better to the ozonesonde observations. In particular, it seems that a better vertical resolution in the upper troposphere should decrease the risk of stratospheric contamination of the tropospheric column.
From the sensitivity studies, it is clear that the results are sensitive to model parameters, model resolution, the type of data assimilated, and the meteorological fields. However, the assimilation almost always improves the model distribution of TOC when compared to ozonesondes. In particular, the assimilation of TOMS only already improved the TOC distribution significantly. The impact of assimilating LIDAR observations along a flight track has been shown to propagate over large distances, emphasizing the potential importance of local measurements in constraining chemical fields at large scale. It is also the only dataset that provides vertical information in the troposphere.
The comparison of our global TOC with the published map of tropical TOC by Thompson et al. [1999] shows qualitative differences and similarities. Overall, our study tends to have values larger than TH99 even though our comparison with tropical ozonesondes does not indicate a significant positive bias. The reasons for this difference are unclear and more analysis is needed. In particular, a longer period of assimilation is underway. Finally, it must be reiterated that there is a large spread of estimates of TOC from various methods, making it difficult to identify the most appropriate TOC value to compare the results of our study to.
More observations of ozone, and in particular in the upper troposphere and lower stratosphere, will become available in the near future from instruments such as HIRDLS, OMI, MLS, and TES on the EOS-Aura platform. These measurements will permit a better constraint of the ozone distribution in the critical portion of its vertical profile. Also, total column measurements might become more sensitive to the lower troposphere. Finally, the planned combination of the assimilation of ozone and carbon monoxide (from MOPITT on EOS-Terra) will create a high-quality data set constrained by observations that could be used for study of the impact of polluting environments such as biomass fires and mega cities. Table 2 . Mean (left column) and standard deviation (right column) of the difference (in DU) between the model results and the observations for a set of locations and simulations (see text for more details). 
